Resveratrol, a polyphenol derived from grapes, exerts important effects on glucose and lipid metabolism, yet detailed mechanisms mediating these effects remain unknown. The liver plays a central role in energy homeostasis, and glucokinase (GK) is a key enzyme involved in glucose utilization. Resveratrol activates SIRT1 (sirtuin 1), which promotes deacetylation of the forkhead transcription factor FoxO1. Previously, we reported that FoxO1 can suppress and that HNF-4 can stimulate GK expression in the liver. Here, we examined the role of FoxO1 and HNF-4 in mediating resveratrol effects on liver GK expression. Resveratrol suppressed hepatic GK expression in vivo and in isolated hepatocytes, and knocking down FoxO1 with shRNAs disrupted this effect. Reporter gene, gel shift, supershift assay, and chromatin immunoprecipitation studies show that FoxO1 binds to the GK promoter and that the interplay between FoxO1 and HNF-4 within the GK promoter is essential for mediating the effects of resveratrol. Resveratrol promotes deacetylation of FoxO1 and enhances its recruitment to the FoxO-binding element. Conversely, resveratrol suppresses recruitment of HNF-4 to its binding site, and knockdown of FoxO1 blocks this effect of resveratrol. Coprecipitation and chromatin immunoprecipitation studies show that resveratrol enhances interaction between FoxO1 and HNF-4, reduces binding of HNF-4 to its own site, and promotes its recruitment to the FoxO site in a FoxO1-dependent manner. These results provide the first evidence that resveratrol represses GK expression via FoxO1 and that the interaction between FoxO1 and HNF-4 contributes to these effects of resveratrol.
The liver is a key organ in energy homeostasis, and glucokinase (GK) 3 plays a major role in promoting hepatic glucose utilization and maintenance of blood glucose homeostasis.
Compared with other hexokinases, GK has a smaller molecular mass (100 versus 52 kDa, respectively) and a lower affinity for glucose, with an S 0.5 for glucose in the range of about 7-8 mmol/liter. Although GK binds to a regulatory protein (GKRP) and exists as a monomer, it displays sigmoidal kinetics with a Hill coefficient of about 1.5-1.7, indicating cooperativity with its substrate, glucose (1) (2) (3) . These characteristics allow GK to react with glucose across the range of physiological glucose concentrations reached in vivo. Although GK is expressed predominantly in hepatocytes and pancreatic ␤-cells, it also is expressed in some neuroendocrine cells of the gastrointestinal tract and the brain, where it also may contribute to glucose sensing (4) .
In the liver, GK is expressed predominantly in the less aerobic perivenous zone (5) , and its expression is stimulated by insulin (6) . Previous studies indicate that several transcription factors, including USF-1 and -2 (upstream stimulatory factor-1 and -2) (7, 8) , HIF-1 (hypoxia-inducible factor-1) (9), PPAR␥ (peroxisome proliferator-activated receptor-␥) (10) , sterol regulatory element binding protein-1c (11, 12) , and hepatocyte nuclear factor-4␣ (HNF-4␣) (13) may contribute to liver GK expression. We have reported that HNF-4 contributes to the effect of insulin on GK induction through a phosphatidylinositol 3Ј-kinase/protein kinase B-dependent mechanism (9) . HNF-4 has been shown to interact with FoxO1 (14) , an insulin-responsive transcription factor (15) , suggesting the possibility that interactions between FoxO1 and HNF-4 may contribute to the regulation of GK expression.
FoxO transcription factors form a subgroup within the large family of Forkhead box (Fox) transcription factors (16) , and they are important targets of insulin and growth factor action (15, 17) . FoxO proteins promote the expression of genes that are adaptive to nutrient restriction and environmental stress (15, 17, 18) , and insulin signaling suppresses the effects of FoxO proteins on gene expression through signaling events mediated by the phosphatidylinositol 3Ј-kinase/protein kinase B pathway (15, 17, 18) . FoxO proteins containthreehighlyconservedconsensussitesforphosphorylation by protein kinase B, corresponding to Thr 24 , Ser 256 , and Ser 319 in human FoxO1 (19 -22) , and phosphorylation at these sites suppresses transactivation and promotes nuclear exclusion of FoxO proteins (22) . In the liver, FoxO1 has been shown to bind to insulin-responsive sequences and stimulate the expression of several genes involved in promoting hepatic glucose production, including phosphoenolpyruvate carboxykinase (23, 24) and glucose-6-phosphatase (25, 26) . Studies with transgenic mice expressing a constitutively active form of FoxO1 in the liver confirmed that FoxO1 stimulates the expression of glucose-6-phosphatase and phosphoenolpyruvate carboxykinase and indicated that FoxO1 proteins also reduce the expression of GK and several other genes involved in promoting glucose utilization (27) . In addition, genetic studies in mice with targeted disruption of FoxO1 in the liver support the concept that FoxO1 is important for promoting both increased gluconeogenic gene expression and decreased GK expression when insulin signaling is disrupted (28, 29) .
In addition to phosphatidylinositol 3Ј-kinase and protein kinase B, several other signaling pathways and post-translational modifications contribute to the regulation of FoxO function (recently reviewed (30) ), and considerable interest has focused on the role that acetylation plays in modulating the function of FoxO proteins (31) (32) (33) (34) (35) . Acetylation of several lysine residues (corresponding to Lys 242 , Lys 245 , and Lys 262 in human FoxO1) located in the basic region at the C-terminal end of the DNA binding domain of FoxO proteins is thought to impair DNA binding (36) . SIRT1 (sirtuin 1), an NAD ϩ -dependent deacetylase, has been shown to deacetylate these residues and modulate the function of FoxO proteins in mammalian cells (37) .
Resveratrol, a polyphenol found in grapes, has been the subject of intense interest since it was shown to stimulate the function of SIRT1 and mimic sirtuin-dependent life span extension during caloric restriction in yeast (38) . Animal studies indicate that resveratrol may have potential anticancer, anti-inflammatory, and neuro-and cardioprotective effects (39, 40) and can exert important effects on lipid and glucose metabolism, including effects on lipid accumulation, insulin sensitivity, blood glucose levels, and the number of mitochondria (41) (42) (43) (44) . Studies in liver-derived rat H4IIE hepatoma cells indicate that resveratrol enhances gluconeogenic gene expression (33) . Although resveratrol may exert effects on hepatic gene expression through deacetylation of FoxO1 (33) or other targets of SIRT1, including PGC-1␣ (peroxisome proliferator receptor-coactivator-1␣) (45) , its role in regulating glycolytic gene expression (including GK) and metabolism in the liver remains largely unknown.
Therefore, the aim of this study was to examine the effects of resveratrol on GK expression and activity in the liver and isolated hepatocytes. We find that treatment of rats and isolated primary hepatocytes with resveratrol suppresses GK expression, and knocking down the expression of FoxO1 with shRNAs disrupts this effect. Resveratrol treatment decreases the acetylation of FoxO1 in isolated hepatocytes, and reporter gene assays show that a modified form of FoxO1 (FoxO1-3KR) that mimics the effect of deacetylation has enhanced effects on GK promoter activity. Chromatin immunoprecipitation (ChIP) assays demonstrate that resveratrol treatment enhances the recruitment of FoxO1 to the GK promoter, and reporter gene studies show that mutation of FoxO binding sites disrupts the effect of resveratrol on GK promoter activity. Further, co-precipitation studies, reporter gene assays, and ChIP analyses indicate that resveratrol promotes interaction between FoxO1 and HNF-4 and contributes to the repressive effects of resveratrol on GK expression within the context of the GK promoter. Together, these results provide new insight into mechanisms regulating hepatic GK expression and mediating effects of resveratrol and FoxO1 on GK expression in the liver.
MATERIALS AND METHODS
Animals-All studies were done in accordance with protocols approved by the Animal Use and Care Committee at the University of Kaiserlautern. Male Wistar rats (200 -260 g) were kept on a 12-h day/night rhythm (light from 7 a.m. to 7 p.m.) with free access to water and a standard chow. Rats were treated with resveratrol by intraperitoneal injections of resveratrol dissolved in 30% DMSO/saline at a dose of 5 or 10 mg/kg/day for 2 days, and control animals were injected with 30% DMSO/saline alone. After 2 days, animals were anesthetized with pentobarbital (60 mg/kg body weight) between 8 a.m. and 9 a.m., and blood was collected from the tail vein into a chilled syringe containing 10 IU of heparin. Prior to preparation of hepatocytes, rats were anesthetized with pentobarbital (60 mg/kg body weight) between 8 a.m. and 9 a.m., as described (46) .
Measurement of Plasma Glucose Levels-Animals were anesthetized by pentobarbital, and blood (ϳ50 l) was collected from the tail vein using a chilled syringe containing 10 IU heparin. The samples were centrifuged at full speed in a table top centrifuge for 3 min, and 10 l of plasma was used for the determination of glucose with a glucose analyzer.
Plasmid Constructs-Luciferase (Luc) reporter gene plasmids containing the wild type rat GK promoter and the GK promoter mutated in the HNF binding site (13) or an array of five Gal4 binding sites upstream of the minimal E1b promoter upstream of the firefly luciferase cDNA (pG 5 E1B-Luc) (47) were described previously. The constructs pGL3rGK-mFBEa, pGL3rGK-mFBEb, and pGL3rGK-dmFBEab contain mutations of putative FoxO-binding element a or b (FBEa or FBEb) or both, respectively. They were generated with the primer 5Ј-GGG TTC AAG GCA ACT TAA GGA GAT TCT ATA ACA GTA AGC TTA AAA ATC TGA TTA AAA CGC-3Ј (a) or 5Ј-CTG ATT AAA ACG CAT CGT CGA CTA CTT GGG GTG GGG GGT GTC AGG GC-3Ј (b) and the wild type GK Luc construct as template by using the QuikChange XL sitedirected mutagenesis kit (Stratagene). Plasmids expressing p300 (48) , rat HNF-4␣ (49), or wild type FoxO1 have been described (21) . The plasmids expressing the FLAG-tagged FoxO1-KR variant containing mutations replacing lysines 242, 245, and 262 with arginine, respectively, were a generous gift from Akiyoshi Fukamizu and have already been described (36) .
Cell Transfection and Luciferase Assay-Rat hepatocytes were isolated by collagenase perfusion and maintained under standard conditions in an atmosphere of 16% O 2 , 79% N 2 , 5% CO 2 (v/v/v) in medium M199 containing 0.25 nM insulin added as a growth factor for culture maintenance; 100 nM dexamethasone, which is required as a permissive hormone; and, until the first change of medium after 5 h, 4% newborn calf serum, as previously described (50) . Freshly isolated rat hepatocytes (ϳ1 ϫ 10 6 cells/dish) were transfected as described (50) , and transfection efficiency was monitored by cotransfection with 0.25 g of Renilla luciferase expression vector (pRLSV40) (Promega). In brief, 2 g of the respective Luc construct was transfected with 500 ng FoxO, HNF-4, and/or p300 expression vectors or with appropriate amounts of the respective empty expression vectors. For mRNA and protein analyses, 5 g of the respective transfection vector was used. After 5 h, the medium was changed, and the cells were cultured for 19 h; then the medium was changed again, and the cells were further cultured for 24 h (51).
Generation of FoxO1 shRNA-expressing Lentiviruses-Annealed FoxO1 shRNA oligonucleotides were cloned into the MluI and ClaI restriction sites of the vector pLVTHM (52) . Two sequences for shRNA against FoxO1 were used. They are shRNA1 (5Ј-GCACCGACTTTATGAGCAA-3Ј) and shRNA2 (5Ј-GGACAACAACAGTAAATTT-3Ј), respectively. The oligonucleotide with the sequence 5Ј-GCACGTTAAGTGCTA-CACA-3Ј was used to generate a scrambled shRNA control. Lentiviral particles expressing the respective shRNAs were generated by transfecting the three different plasmids into HEK 293T cells. These plasmids are the pLVTHM vector carrying the oligonucleotides for shRNA, the pMD2G vector (53) encoding the envelope glycoprotein, and the second generation packaging plasmid psPAX2 (54) . The expression of shRNA was verified in HEK cells, and the multiplicity of infection was determined by obtaining the optimal degree of target gene knockdown.
Infection of Primary Hepatocytes with an shRNA-expressing Lentivirus-Isolated rat hepatocytes were prepared as above, and after 5 h, the fresh medium was replaced and infected with lentiviral vectors at a multiplicity of infection of about 40 for 14 h. After 14 h, the cells were washed twice with PBS, and fresh medium was given for up to 24 h depending on the experiment.
Western Blotting and Immunoprecipitation-Protein from primary cultured hepatocytes and transiently transfected hepatocytes was isolated as described (50) . The protein content was determined using the Bradford method. 50 g of protein dissolved in 27 l of SDS sample buffer was loaded onto a 10% SDS-polyacrylamide gel and then transferred onto nitrocellulose membranes. Nonspecific binding was blocked with blocking buffer (10 mM Tris/HCl (pH 7.5), 100 mM NaCl, 0.1% Tween 20, 10% milk powder). Blots were incubated with primary goat antibody against GK (Santa Cruz Biochemistry, Heidelberg, Germany) in a 1:200 dilution. The rabbit polyclonal FoxO1 antibody (Santa Cruz, Heidelberg, Germany) and the rabbit polyclonal antibody against acetylated FoxO1 (amino acids Lys 242 /Lys 245 ), kindly provided by Akiyoshi Fukamizu (36) , were used in a 1:1000 dilution. Expression of tagged proteins was visualized with a monoclonal antibody against FLAG M2 (1:1000; Sigma) in blocking buffer overnight at 4°C. Washing was performed with blocking buffer without milk powder. The secondary antibodies were anti-goat IgG horseradish peroxidase (Dako, Hamburg, Germany), anti-rabbit IgG horseradish peroxidase, or anti-mouse IgG horseradish peroxidase (Santa Cruz Biotechnology) used in a 1:2000 dilution for 1 h. The primary rabbit antibody against Golgi membrane (GM) (Bioscience, Göttingen, Germany) was used in a 1:8000 dilution. After washing for 30 min, the ECL Western blotting system (Amersham Biosciences) was used for detection.
For co-immunoprecipitation experiments, cell lysates containing 150 g of protein were incubated with 2 g of antibody precoupled to protein G-Sepharose beads (Amersham Biosciences). Approximately 150 l of beads were washed twice with 1.5 ml of lysis buffer (5ϫ TBS, 10% Triton X-100, 0.5 M EDTA, 0.5 M EGTA, 125 mM Na 4 P 2 O 7 ) and centrifuged at 1000 ϫ g for 2 min. Beads were resuspended in 500 l of lysis buffer with protease inhibitors, and 100 l were used for each pull-down reaction. Two g of antibody were added to 150 g of whole cell extract and allowed to bind for 1 h at 4°C. After 1 h, the samples were treated with washed beads and incubated overnight at 4°C to pull down the interacting partner. The complexes bound to the beads were collected by centrifugation at 1000 ϫ g for 2 min and washed five times with lysis buffer. Washed beads were resuspended in SDS loading buffer, heated to 95°C for 7 min, and resolved by SDS-PAGE and Western blot analysis.
RNA Preparation and Northern Analysis-Isolation of total RNA and Northern analysis were performed as described (13, 55) . Digoxigenin-labeled antisense RNA hybridization probes were generated by in vitro transcription from pBS-GK-1 using T3 RNA polymerase or from pBS-␤-actin using T7 RNA polymerase and RNA labeling mixture containing 3.5 mM 11-digoxigenin-UTP, 6.5 mM UTP, 10 mM GTP, 10 mM CTP, and 10 mM ATP. Hybidizations and detections by chemiluminescence were carried out essentially as previously described (13) . Blots were quantified with a videodensitometer (Biotech Fischer, Reiskirchen, Germany).
Chromatin Immunoprecipitation Assay-ChIP assays were performed as described (56, 57) . Sonication of chromatin was titrated to prepare fragments of DNA, which was sheared to an average length of ϳ200 -300 nucleotides, as determined by agarose gel electrophoresis and staining with ethidium bromide (not shown). Chromatin was precipitated overnight with either preimmune serum or 3 g of FoxO1 or HNF-4 antibodies, respectively, in a total volume of 1 ml at 4°C. DNA from ChIP was analyzed by quantitative PCR using Taqman Gene Expression Master Mix (ABI). PCR was performed at 55°C for 35 cycles with primers that amplify a 342-bp region of the GK promoter containing the predicted FoxO binding sites (sense (Ϫ720/Ϫ702), 5Ј-TCCTGGCCAAACCCAAAG-3Ј; antisense (Ϫ396/Ϫ378), 5Ј-TTGGGTGGGAAGGAGAAG-3Ј) or a nonoverlapping region of the proximal GK promoter that contains the HNF-4-binding element (sense (Ϫ263/Ϫ243), 5Ј-GGGTG-GCTCCTGAAATACCC-3Ј; antisense (Ϫ32/Ϫ12), 5Ј-CCT-CATGCCTACCTGTTTCG-3Ј). The mRNA levels of ␤-actin were measured by PCR for normalization, and amplification of soluble chromatin prior to immunoprecipitation was used as an input control.
Preparation of Nuclear Extracts and Electrophoretic Mobility Shift Assay-Nuclear extracts were prepared as described previously (58) . The sequences of GK oligonucleotides used for the electrophoretic mobility shift assay are as follows: FBEa, 5Ј-GATTCTATAACAGTAAAACAAAAATCTGAT-3Ј; mutant FBEa (mFBEa), 5Ј-GATTCTATAACAGTAgcACAAcAATCTGAT-3Ј; FBEb, 5Ј-TTAAAACGCATATTGTTTT-ACTTGGGGTGGGG-3Ј; mFBEb, 5Ј-TTAAAACGCATATTGTgcTACTTGGGGTGGGG-3Ј. For supershift analysis, the nuclear extracts were preincubated on ice for 45 min with preimmune serum or FoxO1 antibody before adding the labeled probes.
GK Enzyme Activity-For GK enzyme activity, cells were washed with 0.9% NaCl; scraped in a buffer containing 50 mM Hepes, pH 7.5, 100 mM KCl, 5 mM MgCl 2 , 1 mM EDTA, 2.5 mM dithioerythritol, 10 mg/ml bovine serum albumin; and homogenized with an Ultraturrax (Jahnke and Kunkel, Stauffen). GK activity was then recorded essentially as previously described (13) and normalized to DNA as described (46) .
RESULTS

Suppression of Glucokinase Expression by Resveratrol-To
investigate the impact of resveratrol on GK expression in vivo, rats were injected intraperitoneally with resveratrol. As shown in Fig. 1A , treatment with resveratrol for 2 days decreased GK mRNA levels in liver in a dose-dependent fashion (Fig. 1A) , and this decrease in GK mRNA was accompanied by a reduction in GK protein levels (Fig. 1A) . Conversely, resveratrol treatment enhanced expression of the gluconeogenic gene phosphoenolpyruvate carboxykinase (PEPCK) (Fig. 1B) , consistent with previous studies indicating that it can enhance the expression of gluconeogenic genes in liver cells (33) .
Next, to study the effect of resveratrol on GK expression at the cellular level, we performed studies in primary cultures of rat hepatocytes. As shown in Fig. 2A , treatment of primary rat hepatocytes with resveratrol suppressed the expression of GK in a dose-dependent fashion, and GK mRNA levels were decreased by ϳ75% in hepatocytes treated with 50 M resveratrol. This decrease in mRNA was accompanied by a decrease in GK protein levels ( Fig. 2A, bottom) , similar to results in vivo. Conversely, treatment of hepatocytes with resveratrol enhanced phosphoenolpyruvate carboxykinase expression ( Fig. 2A) , consistent with the concept that resveratrol stimulates gluconeogenic gene expression (45) .
We also measured GK enzyme activity in primary rat hepatocytes treated with resveratrol or, as a control, with insulin, which is known to stimulate GK expression (6) . As shown in Fig. 2B , treatment with resveratrol reduced GK activity in a dose-dependent fashion in the presence of different glucose concentrations. In contrast, insulin induced GK enzyme activity ϳ2-fold, consistent with previous studies (13) . As shown in Fig. 2C , Lineweaver-Burk analysis shows that treatment of cells with resveratrol or insulin does not change the K m of glucokinase for glucose (Fig. 2C ). This result indicates that the effects of resveratrol on GK enzyme activity, including effects on V max (Fig. 2D ), are due primarily to changes in GK expression.
FoxO1 Is Critically Involved in Suppression of Glucokinase Expression and Promoter Activity by Resveratrol-Previous
studies indicate that FoxO proteins are important targets of SIRT1 and resveratrol (59, 60) . Since FoxO1 plays an important role in the regulation of hepatic gene expression, we asked whether knocking down FoxO1 levels would counteract the effect of resveratrol on GK expression and promoter activity in primary rat hepatocytes. Initial studies confirmed that lentiviruses expressing FoxO1 shRNA1 or FoxO1 shRNA2 (but not a scrambled shRNA) reduce protein levels of FoxO1 in rat hepatocytes by more than 80% (Fig. 3A) .
As shown in Fig. 3B , FoxO1 shRNAs (but not scrambled shRNA) increased basal GK enzyme activity and blocked the ability of resveratrol to suppress GK enzyme activity in hepatocytes. This result indicates that FoxO1 plays a critical role in mediating the effect of resveratrol on GK in isolated hepatocytes.
As shown in Fig. 3C , resveratrol suppresses GK mRNA levels by about 75%, and knocking down FoxO1 abolished FIGURE 1. Reduction of GK expression in rat liver by resveratrol. A, Northern blot analysis. Total RNA was prepared from the livers of control and resveratrol treated rats. Then RNA from four animals in each group was pooled and analyzed by Northern Blotting with digoxigenin-labeled GK, phosphoenolpyruvate carboxykinase, and ␤-actin antisense RNA probes. Autoradiographic signals were detected by chemiluminescence. The graphs represent GK mRNA levels normalized for ␤-actin and indicate expression relative to control levels (100%). Values are means Ϯ S.E. of three independent culture experiments. Statistical significance was determined by Student's t test. *, significant difference, control versus resveratrol, p Յ 0.05. B, Western blot analysis. GK protein levels were analyzed by Western blotting, and the membrane was reprobed with a ␤-actin antibody as a loading control.
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this effect, indicating that FoxO1 plays an important role in mediating effects of resveratrol on GK expression. Interestingly, in the absence of resveratrol, the FoxO shRNA increased the expression of GK mRNA above control, indicating that FoxO1 also contributes to the regulation of GK expression under basal conditions. Although resveratrol treatment also tended to reduce GK mRNA levels in cells treated with FoxO1 shRNA compared with shRNA alone, this effect was limited (ϳ30%) and was not statistically significant. Together, these findings support the concept that FoxO1 plays an important role in mediating the effect of resveratrol on GK mRNA levels in hepatocytes.
To determine whether resveratrol (and FoxO1) suppresses the expression of GK at the level of transcription, we also performed luciferase reporter gene studies using constructs containing 1448 bp of the GK promoter. As shown in Fig. 3D , resveratrol treatment markedly suppressed activity of the GK promoter in primary hepatocytes. Again, FoxO1 shRNAs blocked this effect of resveratrol on GK promoter activity, demonstrating that FoxO1 is required for the effect of resveratrol on GK promoter activity in hepatocytes.
To determine whether FoxO1 exerts direct effects on GK expression, we also examined whether overexpression of FoxO1 alters the expression of GK mRNA and enzyme activity in primary rat hepatocytes. As shown in Fig. 4A , transfection with an expression vector for wild-type FoxO1 suppresses the level of GK mRNA in isolated hepatocytes compared with cells transfected with an empty vector. At the same time, FoxO1 stimulates the expression of phosphoenolpyruvate carboxykinase, consistent with previous studies (27) . As shown in Fig. 4B , overexpression of FoxO1 also reduces GK enzyme activity in hepatocytes at different glucose concentrations. Kinetic analysis confirmed that the reduction of GK enzyme activity by FoxO1 is not due to a change in K m (Fig. 4C) , indicating that the effect of FoxO1 on GK activity, including the effect on V max (Fig. 4D) , is due to changes in GK expression. Together, these results indicate that FoxO1 suppresses GK expression and is required for the ability of resveratrol to suppress GK activity and mRNA abundance at the level of gene expression in primary hepatocytes.
FIGURE 2. Repression of GK mRNA and GK enzyme activity by resveratrol in primary rat hepatocytes. Isolated hepatocytes were cultured for 24 h; then medium was changed, and cells were treated with/without 10 or 50 M resveratrol or 100 nM insulin for 16 h prior to analysis of GK mRNA levels or GK activity, as indicated. A, Northern and Western blot analysis. 20 g of total RNA prepared from the cultured hepatocytes was analyzed by Northern blotting with digoxigenin-labeled GK, phosphoenolpyruvate carboxykinase, and ␤-actin antisense RNA probes. Autoradiographic signals were detected by chemiluminescence. The graphs represent GK mRNA levels normalized for ␤-actin and indicate expression relative to control levels (100%). Values are means Ϯ S.E. of three independent culture experiments. Statistical significance was determined by Student's t test. *, significant difference control versus resveratrol, p Յ 0.05. B-D, GK enzyme analysis. Glucokinase activity is presented as Michaelis-Menten (B) and Lineweaver-Burk (C) plots based on average results from three independent experiments. D, the V max for glucokinase enzyme activity calculated from three independent experiments for each condition. In each experiment, V max for each condition was expressed relative to the control (100%). The R 2 values for the Lineweaver-Burk plots were 0.99.
Resveratrol Promotes Deacetylation of FoxO1-Previous studies indicate that SIRT1 modulates the function of FoxO1
by promoting the deacetylation of lysine residues located within the basic region at the C-terminal end of the FoxO1 DNA binding domain (36) and that resveratrol promotes SIRT1 deacetylase activity (61) . To determine whether resveratrol promotes deacetylation of these sites in FoxO1 in primary hepatocytes, we examined the effect of resveratrol treatment on FoxO1 after it has been acetylated by a p300-initiated mechanism (62) . Cells were transfected with a FLAG-tagged FoxO1 expression vector with/without a vector expressing p300 and treated with/without resveratrol, and we examined the acetylation status of FoxO1 with an antibody specific for Lys 242 /Lys 245 -acetylated FoxO1 (62). As shown in Fig. 5A , the acetylation of FoxO1 is increased in cells co-transfected with the p300 expression vector, and this is reversed by treatment with 50 M resveratrol, indicating that resveratrol promotes the deacetylation of FoxO1 in hepatocytes.
To evaluate the role that changes in acetylation play in modulating the effects of FoxO1 on GK expression, we examined the effects of wild type FoxO1 and a modified form of FoxO1 in which lysine residues 242, 245, and 262 (which are subject to acetylation) are replaced by arginine residues (FoxO1-3KR). These lysine residues are located within the positively charged basic region at the C-terminal end of the FoxO DNA binding domain that is thought to be important for stabilizing DNA binding through electrostatic interactions. Acetylation of these residues is thought to reduce the positive charge in this region and impair binding to DNA target sites. Replacing these lysine residues with arginine residues prevents acetylation at these sites while maintaining the positive charge in this region of FoxO1.
To examine effects on FoxO1 function, we performed cotransfection studies using FoxO1 expression vectors and lucif-FIGURE 3. Expression of FoxO1 shRNA disrupts the effect of resveratrol on GK expression. A, knockdown of FoxO1. Primary hepatocytes were transduced with lentiviruses, allowing expression of FoxO1 shRNA1, FoxO1 shRNA2, or scrambled shRNA. FoxO1 protein levels were analyzed by Western blotting to show knockdown of FoxO1 protein levels by shRNAs. The membrane was reprobed with GM antibody as a loading control. The graphs represent FoxO1 levels normalized against GM and indicate expression compared with control levels (100%). Values are means Ϯ S.E. of three independent culture experiments. *, significant difference, control versus shRNA, p Յ 0.05. B, Northern blot analysis. 20 g of total RNA prepared from cultured hepatocytes was analyzed by Northern blotting with digoxigeninlabeled GK and ␤-actin antisense RNA probes. Autoradiographic signals were detected by chemiluminescence. The graphs represent GK mRNA levels normalized for ␤-actin and indicate expression relative to control levels (100%). Values are means Ϯ S.E. of three independent culture experiments. *, significant difference control versus resveratrol (Res) and control versus shRNA, p Յ 0.05. C, effect of FoxO1 shRNA on GK enzyme activity. Primary hepatocytes were transduced with lentiviruses, allowing generation of FoxO1 shRNA1, FoxO1 shRNA2, or scrambled shRNA, and treated with resveratrol for 16 h. GK enzyme activity was analyzed as in Fig. 1 . The V max of the GK activity was calculated from three independent experiments for each condition. In each experiment, the V max for each condition was expressed relative to the control (100%). The R 2 values for the Lineweaver-Burk plots were 0.99. D, GK promoter activity. Cells were co-transfected with the Ϫ1448GK promoter Luc reporter gene and Renilla Luc vectors and transduced with the viruses allowing generation of FoxO1 shRNA1 and FoxO1 shRNA2 or scrambled shRNA. Normalized Luc activity in the respective controls was set to 100%. Values are means Ϯ S.E. of three independent experiments. *, significant difference, control versus resveratrol, p Յ 0.05. erase reporter gene constructs containing the liver-specific GK promoter (Ϫ1448GK-Luc) or the insulin response element (IRE) from the glucose 6-phosphatase gene (IRE-thymidine kinase-Luc), which contains several FoxO binding sites and is known to respond positively to FoxO1 (63) .
As shown in Fig. 5B , wild type FoxO1 decreased GK promoter activity by about 60%, and this repressive effect was even more pronounced when the FoxO1-3KR mutant was expressed (80% decrease in promoter activity). In contrast, wild type FoxO1 increased luciferase activity in cells transfected with the IRE-thymidine kinase-Luc construct, consistent with previous studies (36) , and this effect also was enhanced in cells expressing the FoxO1-3KR mutant (Fig. 4B) . These results indicate that decreased acetylation of these residues enhances the function of FoxO1, including its ability to suppress the activity of the GK promoter.
FoxO Binding Sites Contribute to Effects of Resveratrol on GK Promoter Activity-To further explore the mechanisms by which FoxO1 and resveratrol modulate the function of the GK promoter, we considered whether FoxO1 may interact directly with the GK promoter and suppress promoter activity in hepatocytes. Based on a consensus sequence for FoxO binding sites ((C/G)(A/T)AAAA(C/T)AA) (15), we identified two putative FoxO1 binding sites (5Ј-Ϫ567 GTAAAACAA Ϫ559 -3Ј and 5Ј-Ϫ537 TTGTTTTAC
Ϫ529
-3Ј) in the GK promoter, designated FBEa and -b, respectively. Next, we mutated these putative binding sites in the luciferase reporter gene construct containing the 1448-bp rat GK promoter individually (GK-1448 mFBEa and GK-1448 mFBEb) or together (GK-1448dmFBEab) and performed functional studies in primary hepatocytes. As shown in Fig. 6A , the ability of resveratrol to suppress GK promoter activity was partially reduced by mutation of FBEa (pGl3GK-1448 mFBEa) and was disrupted completely by mutation of FBEb (pGl3GK-1448 mFBEb) alone or by mutation of both FBEa and FBEb (pGl3GK-1448 mFBEab). These results indicate that FBEb is required for the full effect of FoxO1 to suppress GK promoter activity.
To examine the binding of FoxO1 to FBEa and/or FBEb, we performed electrophoretic mobility shift and supershift assays using double-stranded oligonucleotide probes containing either FBEa or FBEb or mutations of these sites (mFBEa or mFBEb, respectively). As shown in Fig. 6B , probes containing either FBEa or FBEb formed two rapidly migrating DNA protein complexes, as did probes containing mutations of the putative FoxO binding sites (mFBEa or mFBEb). Also, the formation of the two rapidly migrating complexes was not affected by the addition of either nonspecific IgG or antibody against FoxO1 (F-Ab). These results indicate that the formation of these complexes does not require the binding of FoxO1 to these probes.
In contrast, the FBEb probe also formed a third DNA protein complex with reduced mobility (labeled F), and the addition of a FoxO1 antibody (but not non-immune IgG) decreased the formation of this lower mobility complex formed with FBEb and resulted in formation of a supershift, indicating that this complex contains FoxO1. Together, these results indicate that FoxO1 interacts preferentially FIGURE 4. Repression of glucokinase mRNA and enzyme activity by FoxO1 in primary rat hepatocytes. A, effect on GK mRNA level. Isolated hepatocytes were transfected with FoxO1 expression vectors, and medium was changed 5 h after transfection. Medium was changed again 24 h later, and cells were cultured for an additional 24 h before analysis. 20 g of total RNA prepared from the cultured hepatocytes was analyzed by Northern blotting with digoxigenin-labeled GK and ␤-actin antisense RNA probes. Autoradiographic signals were detected by chemiluminescence. B-D, effect on GK enzyme activity. Hepatocytes were transfected with FoxO1 or empty vector as in A, and GK enzyme activity was measured as before. Effects on glucokinase activity are presented as Michaelis-Menten (B) and Lineweaver-Burk (C) plots based on average results from three independent experiments. D, V max of the glucokinase enzyme activity calculated from three independent experiments for each condition. In each experiment, V max for each condition was expressed relative to the control (100%). The R 2 values for the Lineweaver-Burk plots were 0.99.
with FBEb in the GK promoter, consistent with the results of reporter gene studies (above).
To determine whether endogenous FoxO1 interacts with the native GK promoter, we performed ChIP assays using nonspecific IgG or antibodies against FoxO1 and primers that amplify the region of the GK promoter containing FBEa and FBEb. As shown in Fig. 6C , PCR after immunoprecipitation with antibodies against FoxO1 confirmed that endogenous FoxO1 associates with this region of the GK promoter.
Next, we performed quantitative ChIP assays to determine whether resveratrol enhances the recruitment of FoxO1 to the GK promoter. As shown in Fig. 6D , quantitative PCR after immunoprecipitation with antibodies against FoxO1 demonstrates that overexpression of FoxO1 and treatment with resveratrol increases the association of FoxO1 with the GK promoter. In contrast, recruitment of FoxO1 to the GK promoter is reduced when cells are treated with insulin, consistent with previous studies indicating that insulin suppresses DNA binding and promotes the exclusion of FoxO1 from the nucleus.
HNF-4 Is Required for Resveratrol-and FoxO1-mediated Repression of GK Promoter Activity-We
have previously reported that HNF-4 contributes to the regulation of GK expression in hepatocytes via a specific response element in the GK promoter (13) , and FoxO1 has been reported to interact with HNF-4 (14) . Accordingly, we asked whether interaction with HNF-4 may also contribute to effects of FoxO1 and resveratrol on GK expression. As shown in Fig.  6A , mutation of the HNF-4 binding site in the GK promoter (GK1448HNFm-Luc) disrupted the ability of resveratrol to suppress GK promoter activity, supporting the concept that HNF-4 is involved in mediating effects of resveratrol on GK expression.
To investigate in more detail whether FoxO1 and HNF-4 contribute to the regulation of GK, we performed co-transfection studies with FoxO1 and HNF-4 expression vectors in isolated hepatocytes. As shown in Fig. 7A , overexpression of HNF-4 stimulated GK mRNA levels, and co-expression of FoxO1 antagonized this effect of HNF-4, supporting the concept that FoxO1 antagonizes positive effects of HNF-4 on GK expression.
We next considered whether FoxO1 antagonizes the effect of HNF-4 on the activity of the GK promoter and whether FoxO binding sites are required for this effect. As shown in Fig. 7B , HNF-4 stimulates GK promoter activity by ϳ3-fold in isolated hepatocytes, consistent with our previous report (13) . Cotransfection with an expression vector for FoxO1 impaired the effect of HNF-4 on GK promoter activity, demonstrating that FoxO1 antagonizes the ability of HNF-4 to stimulate the activity of the GK promoter. Mutation of FBEa did not disrupt the ability of FoxO1 to suppress basal or HNF-4-stimulated GK promoter activity. In contrast, mutation of FBEb abolished the ability of FoxO1 to suppress basal GK pro-FIGURE 5. Resveratrol deacetylates FoxO1 and suppresses GK promoter activity. A, effect of resveratrol on FoxO1 acetylation. Primary hepatocytes were transfected with vectors expressing FLAG-tagged FoxO1 and/or p300 and were treated with/without 50 M resveratrol for 6 h as indicated. Acetylated FoxO1 in whole cell extracts (150 g) was detected by Western blotting using antibody specific for Lys 242 /Lys 245 -acetylated FoxO1 antibody, and p300 and FLAG-tagged FoxO1 were detected using anti-p300 and anti-FLAG antibody, respectively. The Golgi membrane protein detected by Western blotting was used to control for differences in loading. B, effect on GK promoter activity. Cells were co-transfected with expression vectors for either wild-type FLAG-FoxO1 or FLAG-FoxO1-3KR together with either the Ϫ1448GK promoter Luc reporter gene construct or a Luc reporter construct regulated by the FoxO1-binding IREs from the glucose-6-phosphatase promoter immediately upstream from the minimal thymidine kinase promoter (IRE-TK-Luc). Luciferase activity was expressed relative to the respective control (100%). Values are means ϩ S.E. of three independent experiments. *, significant difference, control versus resveratrol, p Յ 0.05. C, Western blot analysis. 50 g of protein from cells transfected with wild type FLAG-FoxO1 and mutated FLAG-FoxO1-3KR constructs were subjected to Western analysis with an antibody against FLAG tag or against GM. Autoradiographic signals were obtained by chemiluminescence.
moter activity. In addition, mutation of FBEb markedly antagonizes (but does not completely disrupt) the ability of FoxO1 to inhibit HNF-4-dependent stimulation of GK promoter activity (Fig. 7B) . These results indicate that FBEb is important for the ability of FoxO1 to suppress both basal GK promoter function and to impair HNF-4-stimulated promoter activity. However, the latter also appears to involve a mechanism that does not require interaction with FBEb.
As shown in Fig. 7B , mutation of the HNF-4 site disrupted the ability of HNF-4 to stimulate GK promoter activity but not the ability of FoxO1 to suppress basal promoter function. These results indicate that FoxO proteins suppress HNF-4-stimulated GK promoter activity largely by interfering with the ability of HNF-4 to stimulate promoter function through this binding site and that FoxO also can suppress basal GK promoter activity by other mechanisms.
Next, we asked whether resveratrol affects the interaction between FoxO1 and HNF-4 and/or their recruitment to the GK promoter. As shown in Fig. 8A , co-immunoprecipitation studies demonstrated that HNF-4 and FoxO1 proteins interact to form a complex in isolated hepatocytes that have been transfected with vectors expressing FoxO1 and HNF-4, consistent with previous studies (14) . Interestingly, treatment of hepatocytes with resveratrol increased interaction between FoxO1 and HNF-4 ( Fig. 8B) , suggesting the possibility that enhanced interaction between FoxO1 and HNF-4 may contribute to effects of resveratrol on GK expression.
To address this question, we examined effects of resveratrol treatment on the recruitment of HNF-4 to the HNF-4 binding site, which we previously identified at Ϫ52/Ϫ39 bp upstream from the transcription initiation site in the GK promoter (13) . As shown in Fig. 8C , chromatin immunoprecipitation studies with an antibody against HNF-4 and primers that amplify the region between bp Ϫ262 and Ϫ12 confirm that HNF-4 interacts with this part of the GK promoter. As expected, overexpression of HNF-4 enhances the binding of HNF-4 to this site (Fig. 8D) . In contrast, treatment with resveratrol or overexpression of FoxO1 markedly suppresses recruitment of HNF-4 to this region of the GK promoter, and knocking down FoxO1 with shRNA reverses the effect of resveratrol and increases the binding of HNF-4 above control levels (Fig. 8D ). These FIGURE 6. FoxO and HNF-4 binding sites are required for the effect of resveratrol on GK promoter activity. A, GK promoter activity. Primary rat hepatocytes were transiently transfected with luciferase reporter gene constructs containing either the wild type GK promoter extending 1448 bp upstream from the transcription initiation site (GK-1448) or the 1448-bp promoter after it had been mutated either at FBEa (GK-1448 mFBEa), FBEb (GK-1448 mFBEb), FBEa and -b (GK-1448 dm FBEab), or the HNF-4 site located in the proximal promoter (GK-1448 mHNF4). Twenty-four h after transfection, the medium was changed, and cells were treated with 50 M resveratrol for 16 h. In each experiment, luciferase activity is expressed relative to the appropriate GK-1448 Luc constructs (percentage of control). Values represent the mean Ϯ S.E. of three independent experiments. *, significant differences between control and 50 M resveratrol, p Յ 0.05; **, significant differences between GK-1448 control and respective GK promoter mutant control, p Յ 0.05. B, electrophoretic mobility shift assay. The 32 P-labeled GK-FBEa and FBEb and their respective mutant (mFBEa and mFBEb) double-stranded oligonucleotides probes were incubated with 10 g of protein of nuclear extracts. In electrophoretic mobility shift assays with antibody, the nuclear extracts were preincubated with either 2 l of FoxO1 antibody (F-Ab) or nonimmune IgG for 2 h at 4°C before adding the labeled probe. The DNA protein binding was analyzed by electrophoresis on 5% native polyacrylamide gels and phosphorimaging. SS, supershift. C, chromatin immunoprecipitation. Cells were treated with 50 M resveratrol or 100 nM insulin for 16 h, and ChIP assays were performed using the FoxO1 (FoxO) or nonspecific IgG, and PCR was performed with primers amplifying the GK promoter containing the FBEa and FBEb, as outlined under "Materials and Methods." D, quantitative chromatin immunoprecipitation. Cells were treated with 50 M resveratrol for 16 h. Quantitative ChIP assays were performed using the FoxO1 (FoxO1-Ab) antibody, and quantitative PCR was performed with primers amplifying the GK promoter containing FBEa and FBEb, as outlined under "Materials and Methods." Amplification of soluble chromatin prior to immunoprecipitation was used as an input control.
results indicate that resveratrol and FoxO1 suppress the recruitment of HNF-4 to its binding site in the proximal GK promoter and that FoxO1 is required for this effect of resveratrol.
Since FoxO binding sites are important for the ability of both FoxO1 and resveratrol to suppress HNF-4-stimulated promoter activity, and resveratrol promotes interaction between FoxO1 and HNF-4, we next asked whether resveratrol treatment might promote the association of HNF-4 with FoxO1 that is bound to FoxO1 binding sites in the GK promoter. To address this question, we performed additional chromatin immunoprecipitation using the antibody against HNF-4 and primers that span the region of the GK promoter containing FBEa and FBEb (bp Ϫ702/Ϫ378) but not the HNF-4 binding site. As shown in Fig. 8E , chromatin immunoprecipitation studies demonstrate that HNF-4 also is associated with this region of the GK promoter, and this is increased by treatment with resveratrol. In addition, overexpression of FoxO1 also increases the recruitment of HNF-4 to this site, and knocking down FoxO1 with shRNA blocks the ability of resveratrol to promote the recruitment of HNF-4 to this site. Taken together, these results indicate that resveratrol suppresses the recruitment of the HNF-4 to its own binding site in the proximal GK promoter and, at the same time, promotes its interaction with FoxO1 bound to the FoxO binding sites located further upstream.
DISCUSSION
In this study, we examined the effect of resveratrol on the expression of GK in vivo and in isolated hepatocytes and identified a novel mechanism by which resveratrol can suppress expression of the GK gene (i.e. by modulating the function of FoxO1 and its interaction with HNF-4). Previously, we reported that HNF-4 plays an important role in stimulating the expression of GK in the liver and that an HNF-4 binding site in the proximal GK promoter is required for this effect (9) . Previous studies also have shown that interaction between FoxO1 and HNF-4 disturbs HNF-4 function both by impairing its ability to bind to HNF-4 response elements (14) and by disrupting the function of the HNF-4 transactivation domain (64) . The results of the present study indicate that resveratrol suppresses GK expression in the liver and that FoxO1 plays a critical role in this process, at least in part, by interfering with the recruitment and function of HNF-4 in the context of the GK promoter.
Our initial studies showed that resveratrol suppressed the expression of GK mRNA and that shRNA knockdown of FoxO1 disrupted this effect of resveratrol, indicating that FoxO1 plays a critical role. Analysis of the GK promoter sequence revealed the presence of FBEa and FBEb, which are completely conserved in the rat and mouse GK promoters. The human GK promoter does not display conservation with FBEa, but FBEb shows conservation in 7 of 9 bases, including the AACAAA "core" sequence that is highly conserved in FoxO binding sites. These analyses together with gel shift and supershift studies and reporter gene studies identified FBEb as the major FoxO binding site contributing to the ability of resveratrol (and FoxO1) to suppress GK promoter activity. The HNF-4 binding site also is conserved in the mouse, rat, and human liver GK promoters. Interestingly, mutation of the HNF-4 binding site also disrupted the effect of resveratrol, suggesting that interaction between FoxO1 and HNF-4 may be important in mediating effects on GK promoter activity. Resveratrol promoted recruitment of FoxO1 to the region of the GK promoter and its interaction with HNF-4. At the same time, resveratrol suppressed association of HNF-4 with its binding site in the proximal GK promoter and enhanced its recruitment to the region of the promoter containing FoxO sites, and knocking down FoxO1 disrupted these effects of resveratrol. Taken together, these results indicate that FoxO1 plays a central role in mediating effects of resveratrol on hepatic GK expression and that interaction between FoxO1 and HNF-4 in the context of the GK promoter is critical for this effect.
The results of the present study also indicate that the ability of FoxO1 to suppress GK expression is potentiated upon resveratrol-mediated deacetylation of FoxO1 (65) . Resveratrol, a polyphenol found in grapes and grape products, is among a number of small molecules that can stimulate the catalytic activity of SIRT1, an NAD-dependent deacetylase. Three lysine residues (Lys 242 , Lys 245 , and Lys 262 ) located in the positively charged basic region of the DNA binding domain are acetylated when FoxO proteins interact with the p300 co-activator protein and SIRT1 targets the deacetylation of these residues (36) . Using a site-specific antibody that detects acetylation of these residues in FoxO1, we demonstrated that resveratrol treatment of primary hepatocytes promotes deacetylation of FoxO1 at these residues. Using a mutant form of FoxO1 in which these acetylation sites were mutated, we also found that deacetylation enhances effects of FoxO1 on promoter activity, including its ability to suppress the activity of the GK promoter. Deacetylation of the FoxO1 residues maintains the positive charge in this region of the DNA binding domain and, thereby, enhances the stability of interactions between FoxO proteins and DNA target sites (36) . Therefore, deacetylation at these residues may contribute to the ability of resveratrol to enhance the recruitment of FoxO1 to binding sites in the GK promoter in hepatocytes, as demonstrated in ChIP assays.
Previous studies regarding the role that acetylation plays in modulating the function of FoxO proteins have focused largely on its effect on interactions between FoxO proteins and their DNA binding sites. A recent paper published while this manuscript was in preparation reports that deacetylation of FoxO1 also potentiates the ability of FoxO1 to interact with and suppress the function of PPAR␥ (66) . Based on our results, it is interesting to speculate that deacetylation also may promote interaction between FoxO1 and HNF-4 and thereby contribute to the suppression of GK expression. However, resveratrol also may promote interaction between FoxO1 and HNF-4 and the recruitment of FoxO1 to the GK promoter by other mechanisms, including effects on the activity of Akt (67) .
Although FoxO proteins usually are thought to stimulate gene expression when they are recruited to a promoter (15) , early studies suggested that they also can function as corepressor factors (68) . Subsequent studies also indicated that the recruitment of FoxO1 to FoxO binding sites can suppress the function of some promoters, including the promoter for PDX-1 in ␤ cells (69) , the agouti-related protein promoter in hypothalamic neurons (70) , and the promoter for PPAR␥ in adipocytes (71) . In the present study, our data indicate that FoxO1 inhibits GK expression in hepatocytes at least in part by interfering with the recruitment of HNF-4 to its binding site in the proximal GK promoter. This is consistent with previous studies indicating that FoxO1 can impair the ability of HNF-4 to bind to HNF-4 elements (14) . We also found that treatment with resveratrol reduced the recruitment of HNF-4 to the HNF-4 site in a FoxO1-dependent manner, Hepatocytes were co-transfected with FoxO1 and/or HNF-4␣ expression vectors and luciferase reporter gene constructs containing the wild-type GK-1448 promoter or the 1448-bp promoter mutated at the FBEa (GK-1448 mFBEa) site, the FBEb (GK-1448 mFBEb) site, the HNF-4 binding site (GK-1448 HNFm), or the FBEa, FBEb, and the HNF-4 sites (GK-1448 dmFBEabHNFm). In each experiment, the percentage of luciferase activity is expressed relative to the relevant GK-1448 Luc control construct (100%). The values represent mean Ϯ S.E. of three independent experiments. *, significant differences, p Ͻ 0.05, control versus FoxO1, HNF-4␣ or FoxO1 ϩ HNF-4␣. **, significant difference between GK-1448 control and respective GK promoter mutant control; p Յ 0.05.
indicating that FoxO1 may mediate effects of resveratrol on GK expression through this mechanism.
Of note, FoxO1 also has recently been reported to suppress the expression of glucokinase in insulin-secreting ␤ cells (72) , and this effect of FoxO1 (and the ability of IGF-I to stimulate the pancreatic glucokinase promoter) appears to be mediated through a cis-acting FoxO response element located in the upstream pancreatic GK promoter (73) . Although the expression of glucokinase in the pancreas and the liver is directed by distinct tissue-specific promoters (74), these findings, taken together with the results of the present study, indicate that FoxO1 may contribute to the regulation of glucokinase gene expression in both the liver and pancreas through interaction with distinct cis-acting FoxO-responsive elements in the liver and pancreatic GK promoters.
Although the present study focused on the role that FoxO1 plays in mediating effects of resveratrol on GK expression, it is important to note that FoxO1 and its interaction with HNF-4 also may contribute to the regulation of GK in the liver by other factors, including insulin. Previous studies indicate that insulin plays an important role in regulating the expression of glucokinase in the liver (75, 76) . FoxO1 stimulates the expression of gluconeogenic genes in the liver in fasting when nutrient availability and insulin levels are reduced, and inhibiting this effect of FoxO1 is important in mediating the ability of insulin to suppress hepatic glucose production and to control blood glucose levels (27, 77, 78) . We previously reported that the expression of constitutively active FoxO1 in the livers of transgenic mice not only stimulates the expression of gluconeogenic genes but also suppresses the expression of glucokinase (27) . Recent studies using genetic models with targeted deletion of the FoxO1 gene in the liver also support the concept that FoxO1 can suppress GK expression (28, 29) . Similarly, we have also ChIP assays were performed using the HNF-4 (HNF-4-Ab) antibody, and quantitative PCR was performed as outlined under "Materials and Methods." Amplification of soluble chromatin prior to immunoprecipitation was used as an input control. E, chromatin immunoprecipitation. Quantitative ChIP assays were performed using the HNF-4 antibody, and quantitative PCR was performed with primers amplifying the GK promoter containing the FBEs but not the HNF-4 site, as outlined under "Materials and Methods." Amplification of soluble chromatin prior to immunoprecipitation was used as an input control.
observed that expression of a constitutively active form of FoxO1 impairs the ability of insulin to stimulate glucokinase expression in primary cultures of hepatocytes. 4 We previously identified an HNF-4 site located in the proximal GK promoter that is important for insulin regulation of GK promoter activity (9) , and a recent report published while this paper was in preparation indicates that interaction of FoxO1 with HNF-4 is required for the regulation of GK and glucose-6-phosphatase in response to insulin (79) . Our present study extends these findings by additionally showing that not only the HNF-4 site but also FoxO sites and acetylation of FoxO1 play a role in regulation of GK expression. In addition, based on knockdown and ChIP experiments, our study shows that FoxO1 and resveratrol modulate recruitment of HNF-4 to the endogenous GK promoter. These findings, together with the results of the present study, indicate that interactions between FoxO1 and HNF-4 are important for the ability of both insulin and resveratrol to regulate the expression of GK and possibly other genes in the liver.
It is important to note that other transcription factors also have been implicated in the regulation of hepatic GK expression, including hypoxia-inducible factor-1 proteins (9), PPAR␥ (80), LXR (80) , and sterol response element binding protein-1c (11) . Interestingly, FoxO proteins can suppress the level of HIF-1␣ at a post-transcriptional level (81) and also may suppress the expression of sterol regulatory element-binding protein-1c (27) and the function of PPAR␥ (82) and LXR (83) . FoxO1 also can stimulate the expression of PGC-1␣ (84), and PGC-1␣ also has been reported to suppress glucokinase expression (85) . Thus, FoxO1 may contribute to the regulation of GK expression through multiple mechanisms. This is consistent with our finding that the ability of FoxO1 to suppress basal GK promoter activity is not completely disrupted when the HNF-4 binding site in the proximal promoter is mutated. Nevertheless, the finding that mutation of the HNF-4 site disrupts the ability of resveratrol to suppress promoter activity and that knocking down FoxO1 with shRNAs also disrupts this effect of resveratrol strongly supports the concept that interaction between FoxO1 and HNF-4 is critical for mediating the effects of resveratrol on GK expression.
Based on these observations, we propose the following model by which resveratrol may reduce liverspecific GK expression (Fig. 9) . Resveratrol enhances deacetylation of FoxO1, which may promote its recruitment to the GK promoter, where it can interact with HNF-4. At the same time, resveratrol also enhances interaction between FoxO1 and HNF-4, which impairs the binding of HNF-4 to its binding site in the proximal GK promoter. This interaction also promotes the recruitment of HNF-4 to the FoxO site. Since interaction with FoxO1 suppresses transactivation by HNF-4 (64), this results in suppression of GK promoter activity. Resveratrol also may promote recruitment of FoxO1 to the GK promoter and its interaction with HNF-4 by other mechanisms, including effects on the activity of Akt (67) (not shown).
Together, the results of this study extend our understanding of the mechanisms mediating effects of resveratrol on hepatic function and may provide insight into regulation of glucokinase under physiological conditions. In fasting, reduced action and increased activity of SIRT1 may both contribute to reduced expression of glucokinase, at least in part, by altering the function of FoxO1 and promoting its interaction with the GK promoter and HNF-4. Conversely, in the fed state, when insulin levels are high and the activity of SIRT1 is reduced, increased phosphorylation and acetylation of FoxO1 may serve in concert with HNF-4 to enhance glucose utilization in the liver by increasing the expression of glucokinase.
